Endocannabinoids are endogenous ligands for the cannabinoid (CB) receptors which include anandamide (AEA) and 2-arachidonyl glycerol (2-AG). 2-AG has been linked to inflammation due to its elevated expression in animal models of autoimmunity and hypersensitivity. However, administration of exogenous 2-AG has been shown to suppress inflammation making its precise role unclear. In the current study, we investigated the role of 2-AG following immunization of C57BL/6 (BL6) mice with methylated BSA (mBSA) antigen, which triggers both delayed type hypersensitivity (DTH) and antibody response. We found that while naïve T cells and B cells expressed low levels of 2-AG, expression significantly increased upon activation. Furthermore, mBSA-immunized mice exhibited higher 2-AG concentration than naïve mice. Exogenous 2-AG treatment (40mg/kg) in mBSA-immunized mice led to reduced DTH response, and decreased Th1 and Th17-associated cytokines including IL-6, IL-2, TNF-α and the IgG response. Addition of 2-AG to activated popliteal lymph node (PopLN) cell cultures also inhibited lymphocyte proliferation. Together, these data show for the first time that activated T and B cells produce 2-AG, which plays a negative regulatory role to decrease DTH via inhibition of T-cell activation and proliferation. Moreover, these findings suggest that exogenous 2-AG treatment can be used therapeutically in Th1-or Th17-driven disease.
Introduction
The endocannabinoid (EC) system consists of cannabinoid (CB) receptors (CB1 and CB2) and endogenous ligands for these receptors, called endocannabinoids (EC) [1] . Anandamide (AEA) and 2-arachidonyl glycerol (2-AG) remain the most widely studied ECs [2] ; [3] . 2-AG is proposed as the "true natural ligand" for CB receptors for three reasons: multiple synthesis pathways, elevated tissue expression, and agonist activity at both CB receptors [4] . 2-AG can be formed along a degradative pathway from inositol phospholipid hydrolysis [5] , and synthesized from arachidonic acid-containing phosphatidylcholine [6] . 2-AG is also highly expressed in numerous tissues [7] . Furthermore, 2-AG exhibits binding affinity and efficacy for CB1 and CB2 receptors making it a full agonist for the CB receptors [8] .
The EC system is well known to play a role in immune response (as reviewed throughout the years by [9] , [10] , [11] , [12] ). Moreover, CB receptor agonists such as Δ-9-tetrahydrocannabinol (THC), AEA, and 2-AG have all been connected to the regulation of lymphocyte activation. For example, Robinson et al recently found that expression of CB2 increased on murine T cells after activation in vitro [13] while activation of human primary T cells led to increased CB1 but not CB2 induction [14] . In a recent study, we found that the ability of cannabinoids to suppress T cell-mediated skin graft rejection in vivo, was regulated through CB1 but not CB2 receptors [15] . Type IV hypersensitivity (delayed type hypersensitivity, DTH) is driven by proinflammatory T helper cell subsets, Th1 and Th17 [16] ; [17] . Recently, a study using 2,4-dinitroflurobenzene to induce dermatitis found increased ear weight correlated with elevated 2-AG [18] . Furthermore, mice lacking Fatty Acid Amide Hydrolase (FAAH), a degradative enzyme of ECs, showed decreased response to contact hypersensitivity [19] . Considering the fact that DTH is mediated primarily by inflammatory T cells similar to those involved in allograft rejection, and because we found CB1 to play a critical role in the latter model [15] , we chose, in this study, to focus on the role of CB1 in EC-mediated suppression of DTH response in vivo.
Here, we investigated the concentration of ECs, particularly 2-AG, in naïve and activated T and B cells using the antigen mBSA which triggers DTH response via Th1 and Th17 cells and increased B cell antibody production. The findings suggest that 2-AG increases upon lymphocyte activation and systemically during DTH response. We also demonstrated that exogenous 2-AG treatment reduced DTH response via inhibition of T cell activation and proliferation, further supporting a regulatory role for 2-AG in the suppression of inflammation.
order to quantify changes in 2-AG expression/secretion in activated T and B cells, we treated splenocytes with the mitogen Concanavalin A (ConA) or the endotoxin lipopolysaccharide (LPS), which polyclonally activate T or B cells respectively. Upon activation, significantly more 2-AG was found in T and B cell supernatants than intracellularly (Fig. 1C&D) . These findings are interesting as earlier studies by Lee et al have indicated that 2-AG can inhibit T cell proliferation after stimulation with anti-CD3 [21] suggesting that 2-AG plays a role in regulating immune cell activation in vitro.
To ensure that elevated ECs were biologically relevant, we used methylated bovine serum albumin (mBSA) to induce DTH hypersensitivity [16] ; [17] . The DTH response following rechallenge with mBSA led to significant swelling in the hind footpads of mice (Fig. 1E ) and increased cellularity in the draining popliteal lymph nodes (PopLN) (Fig. 1F) . Interestingly, we observed a 2-fold increase in plasma 2-AG in DTH compared to naive mice (Fig. 1G) , however AEA remained low (data not shown). To confirm that mBSA rechallenge elicits lymphocyte activation, PopLN cells were analyzed for T-and B-cell co-expression of CD69. We found that CD3+CD69+ and CD19+CD69+ cells were significantly enhanced in mBSA rechallenged mice compared to naïve (Fig. 1H&I ).
2-AG treatment reduces inflammation associated with DTH in mice
To determine if increased 2-AG creates a negative feedback loop controlling the hypersensitivity response, we used exogenous 2-AG treatment (40mg/kg i.p.) in DTH mice ( Fig. 2A) . Treatment of DTH mice with 2-AG did not significantly alter spontaneous proliferation of splenocytes after mBSA sensitization (Fig. 2B) suggesting that treatment did not alter naïve T cell function. Interestingly, 2-AG treatment did decrease footpad swelling by more than 30% (Fig. 2C) and PopLN cellularity nearly 2-fold (Fig. 2D ). While 2-AG is known to bind both CB1 and CB2 receptors our laboratory has recently shown that activation of peripheral CB1 receptors is vital to cannabinoid-mediated inhibition of the T cell driven proinflammatory response [15] . Moreover, we observed a significant increase in CB1 message in the PopLN cells of DTH mice compared to naïve (Fig. 3A) while no change was seen in CB2 message (Fig. 3B ). To this end we assessed the importance of endogenous ligand binding of CB1 receptors in DTH response using CB1KO mice. We observed a 30% increase in footpad swelling in DTH mice upon complete loss of CB1 functionality (Fig 3C) . This however does not rule out the role of CB2 as shown in some studies [13] , [22] , and further studies are necessary. Next, we quantified expression of the early activation marker CD69, which is present on both activated T and B cells. Interestingly we found that the total number of activated T (CD3+CD69+) and B cells (CD19+CD69+) in the PopLN were significantly decreased in 2-AG treated mice compared to vehicle controls (Fig. 2E&F) . Additionally, the number/proportion of T central memory cells (T cm ) in PopLN significantly increased with 2-AG treatment compared to DTH+Veh, similar to DTH sensitized but not rechallenged mice (Supporting Information Fig. 1A -B).
To elucidate how 2-AG reduces mBSA induced hypersensitivity, we analyzed Th1 and Th17 proinflammatory cytokine secretion from PopLN cells of DTH mice. Cytokines associated with Th17 activation, IL-17 a/f (Fig. 2G) , and differentiation, IL-6 (Fig. 2J) , were significantly decreased with 2-AG treatment. Furthermore, Th1 secreted cytokines including IFN-γ (Fig. 2H) and TNF-α (Fig. 2I) were significantly reduced in DTH+2-AG mice, compared to controls. Additionally, IL-2 significantly decreased with 2-AG treatment, indicating reduced T cell activation and proliferation in draining lymph nodes (Fig 2K) . Because mBSA also triggers Ab response [23] , we measured IgG in plasma and found that 2-AG treatment caused significantly decreased IgG compared to vehicle controls (Fig. 2L) . These data suggests that high 2-AG, due to exogenous treatment, is anti-inflammatory.
2-AG modulates DTH disease parameters by inhibiting T-cell proliferation
We next determined if 2-AG acts directly on T and B cells by culturing the PopLN cells from mBSA immunized mice in the presence of 2-AG or vehicle. We observed a dosedependent suppression of lymphocyte proliferation in culture using in vivo antigen-activated cells and polyclonal activated T and B cells in the presence of 2-AG compared to vehicle controls ( Fig. 2M-O ). These data demonstrate that 2-AG acts directly on activated T and B cells to suppress lymphocyte activation and proliferation.
Concluding Remarks
Recently, we hypothesized that ECs play a critical regulatory role in inflammation associated with autoimmune diseases [12] . Our laboratory and others found treatment of autoimmune inflammation with exogenous AEA attenuates inflammatory disease [24] ; [25] ; [26] . However, research on 2-AG in inflammatory models is mostly limited to increasing basal levels [27] ; [28] . One exception, however, is a study wherein exogenous 2-AG increased neuroprotection and decreased mortality in a murine experimental autoimmune encephalomyelitis model [29] . However, no studies have investigated 2-AG in naïve and activated immune cells correlated with in vivo inflammation. Our findings show that basal AEA and 2-AG are found in naive T and B cells implying that basal EC concentrations are necessary for regulation of basic cell function. Furthermore, elevated 2-AG found in activated T and B cell supernatants or plasma from DTH mice suggests that 2-AG may be synthesized upon lymphocyte activation, consistent with other studies [30] ; [31] .
Concentration of 2-AG correlated with ear weight gain, due to dermatitis [18] . However, exogenous 2-AG inhibits the proliferation of T cells [21] , and the secretion of IL-2 in vitro [32] ; [33] . The role of 2-AG in B cells is complex because 2-AG stimulates chemotaxis and chemokinesis in nM concentrations [34] , and decreases proliferation in μM concentrations [21] . Together the data on immune regulation by 2-AG suggests that this endocannabinoid is vital for eliciting an anti-inflammatory response. Our findings highlight the concept that anti-inflammatory properties of 2-AG are dose or threshold-dependent as shown in our proliferation studies. Together, this study substantiates our claim that endocannabinoids such as 2-AG are critical regulators of immune response. Interestingly, exogenous 2-AG treatment decreases T-and B-cell-dependent immune response in hypersensitivity and autoimmunity models. Furthermore, our findings that 2-AG suppresses DTH may be useful as a treatment modality against contact dermatitis, or therapeutically to treat various models of Th1 or Th17 driven inflammation.
Materials and Methods

Mice
Female C57BL/6 (BL6) mice, aged 6-8 weeks and average weight of 20 g, were obtained from Jackson Laboratories. Mice were housed in pathogen-free conditions and allowed filtered water and Teklad rodent diet 8604 (normal chow) ad libitum at the University of South Carolina School of Medicine Animal Research Facility. All experiments were conducted under an approved Institutional Animal Care and Use Committee animal protocol.
T and B cell isolation
Single cell suspension from BL6 mouse spleens of was plated for removal of adherent cells. Cells in suspension were resuspended in complete RPMI media (1% v/v penicillin/ streptomycin, 1% v/v HEPES buffer, 10% v/v heat inactivated FBS, and 0.0002% v/v 2-mercaptoethanol). Nylon wool column, wetted with complete media, was loaded with single cell suspension. T cells were isolated based on nonadherence as elute and wash from nylon wool column [35] . B cells adhering to nylon wool were isolated by compression of incubated nylon wool, using sterile syringe plunger and complete medium. Purity (>90%) was checked using flow cytometer.
Endocannabinoid extraction
Briefly, endocannabinoids were extracted from sample with internal standards (deuterated endocannabinoids (Cayman Chemical) AEA-d4 (10ng/mL), 2-AG-d5 (20ng/mL), and PEAd4 (200ng/mL) diluted in 50:50 (methanol:water) and (phenylmethylsulfonyl fluoride) PMSF in acetonitrile. Samples were diluted in 0.1333% TFA ultra-purified water, to 20% (v/v) acetonitrile, and ultracentrifugation to remove cellular debris. Samples were cleaned using activated SPE columns (Bond Elute C8). The endocannabinoids were eluted using 80% (v/v) acetonitrile in 0.1333% TFA ultra-purified water and evaporated to dryness. All samples were stored at −80°C.
Liquid chromatography/Tandem Mass spectrometry (LC/MS/MS)
Sample, resuspended in 100uL 80% (v/v) acetonitrile, was injected in a volume of 10 μL onto a C18 reverse phase analytical column (particle size 5 μm 2.1 × 150 mm ES Industries #06601-12-54-45318). Endocannabinoids were eluted using a linear binary gradient flowing at 200 μL/min on a Waters Acquity HPLC system. The gradient solvent composition began at 50% A: 50% B (solvent A: water/acetonitrile (95:5) with 1% ammonium acetate and 0.1% formic acid; solvent B: methanol with 1% ammonium acetate and 0.1% formic acid) and increased to 0%A: 100%B over 28 minutes. The mass spectrometer (Waters Premier XE triple quadrupole) was operated in multiple reaction monitoring (MRM) mode using positive ion electrospray ionization. The electrospray probe was held at 3 kV. Optimized mass spectrometer operating parameters for quadrupole mass spectrometer with electrospray ionization source in tandem with liquid chromatography (Micromass Quattro-LC, Waters) are listed in Supporting Information: Table I . Waters MassLynx software was used for analysis.
Induction of delayed type hypersensitivity (DTH) and 2-AG treatment
DTH was induced in BL6 mice using a sensitization/rechallenge method [26] . Briefly, mice were sensitized with a subcutaneous injection (100 μL/hind flank) of 1.5 mg/mL methylated BSA (mBSA-Sigma Aldrich) emulsified in complete Freunds adjuvant (CFA-Sigma Aldrich). Six days later, the mice were rechallenged with footpad injection (20 μL/footpad) of 10 mg/mL mBSA in 1×PBS. 2-Arachidonoyl glycerol (2-AG-Cayman Chemical) evaporated under a stream of nitrogen was dissolved in ethanol (20mg/mL), diluted in 1×PBS, and used in mice at a concentration of 40mg/kg. 2-AG or vehicle (ethanol diluted in 1×PBS) was administered intraperitoneally (i.p.) at 0.1 mL/mouse into DTH mice daily Day 4 -Day 6. Percent swelling was measured as [(Thickness(mBSA rechallenged footpad) − Thickness(1×PBS rechallenged footpad)) / Thickness(1×PBS rechallenged footpad)] * 100.
Monoclonal antibodies, reagents, and flow cytometer
Antibodies used for flow cytometric analysis (BioLegend) included: Fc block (93), anti-CD3 (145-2C11), anti-CD19 (6D5), anti-CD69 (H1.2F3), anti-CD4 (GK1.5), anti-CD25 (PC61), and anti-CD62L (MEL-14). Popliteal lymph node cells (PopLN-10 6 cells) from DTH BL6 mice were incubated with Fc receptor antibodies (10 min) and incubated with conjugated antibodies (20-30 minutes at 4°C). After incubation with conjugated antibodies, cells were washed twice with 1×PBS/2% FBS buffer. Stained cells were assessed by flow cytometer (FC500; Beckman Coulter) and resulting data analyzed by Cytomics CXP software (Beckman Coulter). Three-color flow cytometric analysis (gated on live cells) was used to profile lymphocyte activation and four-color analysis (gated on CD3+CD4+ cells) was used to assess T central memory cells.
Cytokine analysis in cell culture supernatants
ELISA MAX sandwich enzyme-linked immunosorbent assay (ELISA) kits (BioLegend) were used to measure IL-2, IL-6, IL-17 a/f , IFN-γ, and TNF-α cytokines. Cells were isolated from spleen and draining lymph nodes of DTH mice cultured 24 hours for cytokine secretion in complete RPMI media with phorbol 12-myristate 13-acetate (PMA) and calcium ionophore ionomycin (50 ng/mL and 10 μg/mL respectively). Cytokine production was quantified from cell supernatants (stored at −20°C). Plasma was assessed for IgG using sandwich ELISA (Abcam). Absorbance was measured at 450 nm using a Victor2 1420 Multilable counter (Wallac).
Cell proliferation assays
Spleen cells from naïve mice were co-cultured in triplicate (0.2 mL/well in a round bottom 96-well plate) with ConA (2.5μg/mL) or LPS (5μg/mL) to stimulate T and B cell proliferation, respectively. Splenocytes from DTH mice sensitized alone or with rechallenge in vivo were assessed for spontaneous proliferation and dose response of 2-AG respectively.
In some experiments, 2-AG was added at the time of cell seeding at increasing doses (0.9, 1.9, and 2.9 μM). Sixteen hours before collection and analysis, [ 3 H]thymidine (2 μCi/well) was added to the cell cultures. Radioactivity was measured using a liquid scintillation counter (MicroBeta Trilux).
qPCR analysis of cannabinoid receptor expression
Total RNA was isolated from PopLN and purified using miRNeasy kit (Qiagen), following manufacturer's procedure. iScript cDNA synthesis kit (BioRad) was used according to manufacturer's specifications to reverse transcribe cDNA. qPCR was performed using Sso Advanced SYBR Green (BioRad) on a CFX Connect (BioRad). Samples were assessed for expression of β actin (Forward-5′GGCTGTATTCCCCTCCATCG3′ Reverse-5′CCAGTTGGTAACAATGCCATGT3′), CB1 (cannabinoid receptor 1: Forward-5′CTGGCCTATAAGAGGATCGTCA3′ Reverse-5′GAGAGGCAACACAGCAATTACTA3′), and CB2 (cannabinoid receptor 2: Forward-5′CTACAAAGCTCTAGTCACCCGT3′ Reverse-5′CCATGAGCGGCAGGTAAGAAA3′). Primers, as found on PrimerBank (Harvard Medical School), were synthesized from IDT DNA technologies with annealing temperatures of 60°C.
Statistical analysis
Data were shown as mean ± S.E.M. Student's t-test was used to compare data between two groups. One-way ANOVA with Tukey post-hoc test was used to compare three or more groups. Experimental groups were compared to controls, and p < 0.05 was considered significant.
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